Metazoan E(y)2/ENY2 is a multifunctional protein important for transcription activation and mRNA export, being a component of SAGA/TFTC and the mRNA export complex AMEX. Here, we show that ENY2 in Drosophila is also stably associated with THO, the complex involved in mRNP biogenesis. The ENY2-THO complex is required for normal Drosophila development, functioning independently on SAGA and AMEX. ENY2 and THO arrive on the transcribed region of the hsp70 gene after its activation, and ENY2 plays an important role in THO recruitment. ENY2 and THO show no direct association with elongating RNA polymerase II. Recruitment of ENY2 and THO occurs by their loading onto nascent mRNA, apparently immediately after its synthesis, while the AMEX component Xmas-2 is loaded onto mRNA at a later stage. Knockdown of either ENY2 or THO, but not SAGA or AMEX, affects the processing of the transcript's 39 end. Thus, ENY2, as a shared subunit of several protein complexes governing the sequential steps of gene expression, plays an important role in the coordination of these steps.
E(y)2, the protein encoded by the e(y)2 gene of Drosophila melanogaster (Georgiev and Gerasimova 1989) , was first characterized as a transcription activator essential for fly development (Georgieva et al. 2001) . The E(y)2 protein is evolutionarily conserved from humans to yeast, where its homolog was designated Sus1 (Georgieva et al. 2001; Rodriguez-Navarro et al. 2004; Krasnov et al. 2005) . The term ENY2, proposed for the human homolog (Zhao et al. 2008) , will be used further in this study, instead of E(y)2, to introduce a common term for metazoan proteins.
ENY2 is a small protein that plays an important role in transcription activation on a chromatin template, being a subunit of the SAGA/TFTC-type histone acetylation complex in Drosophila (Georgieva et al. 2001; MM Kurshakova et al. 2007 ) and yeast (Rodriguez-Navarro et al. 2004) . In TFTC, ENY2 is a component of the subcomplex involved in deubiquitination of histone H2B (Kohler et al. 2006; Zhao et al. 2008) .
Drosophila ENY2, together with Xmas-2, was also shown to be a component of AMEX, the complex essential for mRNP export from the nucleus and for anchoring transcriptionally active genes to the nuclear pore complex (NPC) (MM ). Yeast Sus1 interacts with an NPC-associated mRNA export complex termed TREX-2 (Fischer et al. 2002) that also contains Thp1, Cdc31, and Sac3, a homolog of Drosophila Xmas-2 (Rodriguez- Navarro et al. 2004; Jani et al. 2009) , and is responsible for gene gating to the NPC (Cabal et al. 2006 ). These facts suggest that the function of ENY2/Sus1 is evolutionarily conservative.
Furthermore, ENY2 is involved in the functioning of the Su(Hw) insulator, binding to the Su(Hw) protein and accounting for the barrier function of this insulator (M Kurshakova et al. 2007) . Thus, ENY2 is a multifunctional protein connected with the control of gene expression, and plays an important role in development. It may well be that ENY2 also plays a certain role in integrating several steps of transcription elongation and mRNA export. To approach this problem, we continued our studies on ENY2 functional complexes and found that ENY2 also interacted with the THO complex.
The yeast THO complex was shown to be involved in transcription elongation, mRNA biogenesis, and mRNA export (Chavez et al. 2000; Jimeno et al. 2002; Strasser et al. 2002) . THO components were biochemically copurified with the mRNA export factors Sub2p and Yra1p within a bigger complex termed TREX . THO is recruited cotranscriptionally to active chromatin through interaction with the transcription machinery and is thought to facilitate the subsequent recruitment of Sub2p and Yra1 to nascent mRNAs (Zenklusen et al. 2002; Abruzzi et al. 2004; Jimeno et al. 2006) . The results of chromatin immunoprecipitation (ChIP) in combination with an RNase assay indicate that yeast THO interacts with DNA but not nascent RNA during transcription elongation (Abruzzi et al. 2004) . Recent studies have shown that defective THO/Sub2p function affects mRNA 39-end processing (Saguez et al. 2008) , and that THO and Sub2p participate in an mRNP remodeling event that follows mRNA 39-end processing (Rougemaille et al. 2008) .
Drosophila and human THO complexes have also been purified (Rehwinkel et al. 2004; Masuda et al. 2005) . The Drosophila THO contains THO2, HPR1, and three proteins (THOC5, THOC6, and THOC7) that have orthologs in metazoans but not in budding yeast. UAP56 and REF1/ Aly, Drosophila homologs of Sub2p and Yra1p TREX subunits, were not found in the purified complex, indicating their low affinity to THO. Unexpectedly, while the export of heat-shock mRNPs was shown to depend on THO function under stress, the vast majority of mRNAs proved to be transcribed and exported independently of THO in cell culture (Rehwinkel et al. 2004) .
In contrast to the yeast complex, which is recruited cotranscriptionally, human TREX was found to be recruited to the transcribed gene via interaction with the mRNA processing machinery (Masuda et al. 2005) . It was subsequently shown that TREX is recruited close to the 59 end of mRNA. Its recruitment requires the cap structure and the cap-binding protein CBP80 (Cheng et al. 2006) . The THOC5 subunit of human THO binds hsp70 mRNA and functions in hsp70 mRNP export via interaction with the export receptor Tap-p15 (Katahira et al. 2009 ).
Here, we show that Drosophila ENY2 copurifies with THO complex from the nuclear extract. ENY2 and THO colocalize on polytene chromosomes of Drosophila larvae, and the combination of weak mutations in the e(y)2 gene and in one of the genes encoding THO components has a strong synergistic effect. ENY2 and THO are recruited to the transcribed region of the hsp70 gene upon transcription activation and are cotranscriptionally loaded onto nascent mRNA. The presence of ENY2 is essential for THO recruitment to the transcribed region of the gene. The depletion of ENY2 and THO in Schneider 2 (S2) cells impairs the processing of the 39 end of nascent mRNA. The ENY2-THO complex functions independently on SAGA and AMEX. In summary, ENY2 participates in the basic events in the fate of nuclear mRNA: transcription activation, mRNP formation, and mRNA processing and export.
Results
ENY2 copurifies with the THO complex separated from SAGA and AMEX As shown in our previous study (MM ), ENY2 is a component of the SAGA/TFTC complex and the mRNA export complex AMEX. However, during size fractionation of Drosophila embryonic nuclear extract on a Superose 6 gel filtration column, ENY2 was eluted in different fractions, as at least three major peaks with apparent molecular weights of ;2.0, 1.5, and 0.7 MDa (Fig. 1A) . Treating the initial extract with DNase I or RNase did not change the ENY2 migration profile, which excluded the possibility of ENY2 association with other proteins through DNA or RNA fragments.
To determine the polypeptide composition of individual ENY2-containing complexes, we performed their stepwise purification from the embryonic nuclear extract (Fig. 1B) . The 0.7-MDa complex was separated during fractionation on a MonoS column, while two highmolecular-weight complexes were eluted close to each other at all fractionation steps. At the last step, the partially purified ENY2-containing material was loaded onto a Superose 6 column (Fig. 1A) . It is noteworthy that the positions of ENY2 in it were practically the same as in the crude extract (Fig. 1A , two top panels), indicating the stability of the complexes during purification. Fractions corresponding to different ENY2 peaks were collected, and ENY2-associated proteins were immunoprecipitated with anti-ENY2 antibodies from each pool of fractions and identified with MALDI-TOF MS (Fig. 1C) .
We found that the 1.5-MDa complex corresponds to SAGA (the molecular weight of this complex is in agreement with published data [Kusch et al. 2003] ); the 0.7-MDa complex corresponds to AMEX (these interactions will be described elsewhere) (MM ). Analysis of the 2.0-MDa ENY2-containing complex revealed a complete set of subunits of the THO complex-HPR1, THO2, THOC5, THOC6, and THOC7-identical to that isolated previously (Rehwinkel et al. 2004 ). We did not detect TREX components Aly/Yra1 and UAP56/sub2, in agreement with the data that their association with the core THO complex is unstable (Rehwinkel et al. 2004) . The presence of low-molecularweight ENY2 in the preparation was checked using Western blotting (Fig. 1C, bottom panel) . Our preparation also contained several architectural proteins and subunits of the Brahma chromatin remodeling complex (Mohrmann and Verrijzer 2005) . The reliability and functional importance of these interactions are now being analyzed.
To study the interaction of ENY2 with THO, polyclonal antibodies against the conservative THO component HPR1 and metazoan-specific THOC5 were raised in rabbits. Their specificity is shown in Figure 1D . These antibodies were used to analyze the Superose 6 fractions of crude nuclear extract for the distribution of THO (Fig. 1A) . The migration profiles of HPR1 and THOC5 were identical, and the THO complex was eluted in fractions corresponding to proteins with molecular weights between 2 MDa and 700 kDa; i.e., higher than expected from THO composition (;400 kDa). This could be due to multimerization of THO complex subunits. We also observed that the THO complex is stable, since its gel filtration profile remained almost unchanged after several purification steps (Fig. 1A, bottom panels) .
Immunoprecipitation from the fractions showed that ENY2 was associated with only the high-molecularweight portion of THO in fractions 16 and 17 (Supplemental Fig. 1 ).
Stable association of ENY2 with THO was corroborated by the results of immunoprecipitation from the DNase-and RNase-treated embryonic nuclear extract with antibodies against ENY2, HPR1, or THOC5 (Fig.  1E ). Antibodies against ENY2 did not completely deplete the extract of THO components, confirming the association of ENY2 with a portion of THO.
We analyzed the potential interaction of the ENY2-THO complex with two other ENY2-containing complexes, SAGA and AMEX (subunits of the complexes Figure 1 . ENY2 is associated with THO complex. (A) ENY2 is present in several stable complexes. A crude embryonic extract treated with DNase I and RNase was fractionated on a Superose 6 gel filtration column. The fractions were collected and analyzed for the presence of ENY2, THOC5, and HPR1 by Western blot analysis. Fraction numbers and the void volume are indicated. The distribution of TBP, which migrates with two characteristic peaks (Demeny et al. 2007) , is shown to verify the quality of fractionation. The bottom panels represent Superose 6 fractionation of a partially purified preparation of high-molecular-weight ENY2-containing complexes. The profile of SAGA subunit GCN5 is shown for comparison with those of THO and ENY2. (B) Scheme of purification of the ENY2-THO complex. At each step, proteins were eluted with a NaCl gradient, and the fractions were analyzed by Western blotting for the presence of ENY2. The peak ENY2-containing fractions (corresponding NaCl concentrations are indicated) were collected and loaded onto the next column. Note that the 0.7-MDa complex was separated from high-molecular-weight complexes during fractionation on MonoS. After Superose 6 fractionation, the material was loaded onto an immunosorbent carrying antibodies against ENY2, washed with a buffer containing 1 M NaCl, and eluted with acid glycine. (C) The preparation of the 2.0-MDa ENY2-containing complex. Proteins eluted from the immunosorbent were resolved by 9% SDS-PAGE, stained with Coomassie, and analyzed by mass spectrometry. Bands indicated by a single asterisk (*) and a double asterisk (**) contained a-spectrin and myosin, respectively. The control immunoprecipitation of the same material with preimmune IgG is shown on the right. The bottom panels show Western blot analysis of the nuclear extract, 2-MDa ENY2-containing preparation, and control immunoprecipitation for the presence of ENY2, Xmas-2 subunit of AMEX, and GCN5 subunit of SAGA. (D) Specificity of antibodies against HPR1 and THOC5 as tested by Western blot analysis on the nuclear extract from Drosophila embryos. (E) Co-IP of ENY2 with THO components. Immunoprecipitation from the nuclear extract was performed with antibodies against ENY2, subunits of THO (THOC5 and HPR1), SAGA (GCN5), and AMEX (Xmas-2), or with a preimmune serum (PI). Although ENY2 is associated with all factors examined, no co-IP was detected for THO and SAGA or AMEX. Equal amounts of the extract (Inp) and precipitated proteins (IP) were analyzed. considered in this study are listed in Supplemental Table  1 ). The AMEX complex was separated from THO at the first step of purification (Fig. 1B) . Although ENY2-SAGA followed ENY2-THO through the first three steps of purification, they were clearly separated on the gel filtration column: GCN5 (a component of SAGA) was absent from high-molecular-weight fractions containing the ENY2-THO complex (Fig. 1A , bottom panels). Western blot analysis of the ENY2-THO preparation did not reveal the presence of any residual amounts of SAGA and AMEX subunits (Fig. 1C, bottom panel) . Likewise, no association of THO with SAGA or AMEX subunits was detected in immunoprecipitation experiments (Fig. 1E) , with this result being independent of the stringency of washing (Supplemental Fig. 2) .
Thus, biochemical experiments showed that the ENY2-THO complex exists as a stable entity distinct from SAGA and AMEX.
THO interacts with ENY2 in vivo and, compared with SAGA, has a different effect on the phenotypic traits of ENY2 mutants
To test whether ENY2 and THO are colocalized in vivo, we stained salivary gland polytene chromosomes with anti-THOC5 and anti-ENY2 antibodies ( Fig. 2A) . The anti-THOC5 antibody stained a large number of actively transcribed loci ( Fig. 2A , cf. THO and DAPI staining), and almost all of these loci were also stained with the anti-ENY2 antibody (see ''merge'' in Fig. 2A ). This is evidence for in vivo THO and ENY2 colocalization on chromosomes. The presence of THOC5 and ENY2 at multiple chromosome sites indicates that they are essential for the expression of many Drosophila genes.
To estimate the relative abundance of ENY2, THO, and SAGA in different loci of the genome, we performed triple colocalization of these factors on polytene chromosomes (Supplemental Fig. 3 ). Although ENY2 and HPR1 are distributed genome-wide, some of the corresponding loci contain almost no SAGA component Ada2b (Kusch et al. 2003) , which is evidence that THO and ENY2 may be abundant on SAGA-free genes.
We then examined whether ENY2 genetically interacts with THO components during Drosophila development. We previously described the e(y)2 gene mutation, e(y)2 u1 , that is caused by insertion of the Stalker mobile element into the noncoding region of the gene and reduces fourfold the level of its transcription (Georgieva et al. 2001) . Hemizygous e(y)2 u1 /Y males have almost normal viability (90%), show a slight delay of eclosion, and develop to the adult stage. About 10% of adult males are sterile and have abnormal morphology of tergites 9 and 10 (Supplemental Fig. 4) .
The e(y)2 u1 flies were crossed with available strains of flies bearing tho mutations tho2 and thoc6, caused by P-element insertion into noncoding regions of the genes. Flies homozygous for these mutations did not display any mutant phenotype. However, males hemizygous for e(y)2 u1 and heterozygous for either the tho2 or thoc6 mutation ( Fig. 2B ) were characterized by low viability [two-thirds lower than that of e(y)2 u1 /Y males] and considerably delayed eclosion. Thus, even when heterozygous, the mutations reducing the level of THO components aggravated the weak mutation of the e(y)2 gene. In the case of THO mutations, we observed no increase in the number of flies with abnormal tergites.
Next, we estimated if the interaction of the e(y)2 u1 mutation with mutations in the GCN5 component of SAGA would have the same effect on the phenotype of flies. The introduction of GCN5 mutations (null allele GCN5 or hypomorphic allele GCN5) (Carre et al. 2005) caused no change in the viability or eclosion time of males hemizygous for e(y)2 u1 and heterozygous for either of the GCN5 alleles. However, it dramatically enhanced the morphological manifestation of the e(y)2 u1 mutation: About 80%-90% of males hemizygous for e(y)2 u1 and heterozygous for either of the GCN5 mutated alleles had abnormal tergites, with the mutant phenotype being more prominent ( Fig. 2C; Supplemental Fig. 4) . Thus, mutations of either GCN5 or THO aggravated different phenotypic manifestations of the e(y)2 u1 mutation, suggesting that the ENY2-THO and ENY2-SAGA complexes have independent molecular functions.
In general, these experiments confirm that ENY2 and THO cooperate in fly development, with this cooperation being independent of SAGA. ENY2 colocalizes with THOC5 at many sites on polytene chromosomes from Drosophila salivary glands. Polytene chromosomes stained with antibodies against ENY2 and THOC5, their merged image, and DAPI staining are shown. (B) ENY2 interacts with THO during Drosophila development. Mutations tho2 and thoc6 in the heterozygous state result in decreased viability and eclosion delay in males hemizygous for the e(y)2 u1 mutation, but have no effect on their morphology. (C) ENY2 interacts with GCN5 during Drosophila development. Introduction of GCN5-null or hypomorphic allele in the heterozygous state in males hemizygous for the e(y)2 u1 mutation seriously aggravates abnormal development of tergites 9 and 10, with the mutant phenotype becoming more prominent (see Supplemental Fig. 4 ).
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Cold Spring Harbor Laboratory Press on June 22, 2017 -Published by genesdev.cshlp.org Downloaded from Both ENY2 and THO are recruited onto the transcribed region of hsp70 following transcription activation Next, we studied the interaction of ENY2 with the THO complex in the control of individual gene expression using the example of the Drosophila gene hsp70. This gene was chosen because the Drosophila THO is required for the nuclear export of hsp70 mRNA under heat stress (Rehwinkel et al. 2004 ). The SAGA complex controls hsp70 transcription under normal conditions and after heat shock (Lebedeva et al. 2005) . Both the ENY2 and Xmas-2 subunits of AMEX were shown to be absolutely necessary for hsp70 mRNA export (MM ).
The hsp70 gene cluster contains six almost identical copies of the intronless hsp70 gene that are synchronously activated by heat shock. The distribution of ENY2, THO (HPR1 and THOC5), and RNA polymerase II (Pol II) along the hsp70 genes in S2 cells was analyzed under both nonheat-shock and heat-shock conditions by ChIP using 13 pairs of primers covering the whole hsp70 region (Fig. 3A) . Under non-heat-shock conditions, ENY2 was detected on the hsp70 promoter, similarly to the GCN5 and Ada2b components of SAGA (Lebedeva et al. 2005) . Pol II was also present in the promoter region, as was observed previously (Rasmussen and Lis 1993) . In contrast, HPR1 and THOC5 were not found on inactive hsp70. This result was confirmed by staining polytene chromosomes of Drosophila larvae with antibodies against THOC5 (Fig.  3B) . Without heat shock, no immunostaining was observed in the region of hsp70 loci (87A-87B).
Under heat shock, in accordance with the high level of hsp70 transcription, the amount of Pol II strongly increased in the transcribed region. ENY2 was again detected on the hsp70 promoter, with its peak being shifted slightly to the transcribed region, similarly to the peak of Pol II. In addition, the second broad peak of ENY2 was observed in the transcribed region. Components of the THO complex were also detected on hsp70 in both ChIP and polytene chromosome staining experiments (Fig. 3A,B) . Interestingly, THO subunits, similar to ENY2, displayed two peaks. The sharp peak was observed immediately downstream from the promoter, while the second broad peak covered the whole transcribed region of hsp70. Thus, both ENY2 and THO were recruited onto the hsp70 transcribed region upon transcription activation, and the distribution of HPR1 and THOC5 generally coincided with that of ENY2.
We also checked the presence of the Xmas-2 component of AMEX (MM ) on the hsp70 gene. However, Xmas-2 was not detected using conventional ChIP (data not shown). This fact was apparently explained by low efficiency of Xmas-2 cross-linking with chromatin rather than by the failure of antibodies to react with this component, since they proved to be reactive in immunoprecipitation (MM ) and RNA immunoprecipitation experiments (see below).
ENY2 is crucial for THO recruitment to the hsp70 gene
To find out if ENY2 participates in THO complex recruitment to the gene, we performed ENY2 knockdown by RNAi in S2 cells and studied the presence of THO on hsp70 after heat shock (Fig. 4A) . The level of ENY2 in cells was reduced ;20-fold, while the overall level of HPR1 or THOC5 in the cell remained unchanged, which was evidence for the specificity of ENY2 RNAi (Fig. 4C) . However, the association of THOC5 with the hsp70 gene was significantly weakened and dropped almost to the background level at both the region adjoining the promoter and the downstream region after heat shock (Fig. 4A) .
The impairment of THO recruitment may be caused by a general decrease in hsp70 transcription, observed after ENY2 knockdown (MM ). Indeed, the dependence of THO recruitment on the transcription level was described in yeast (Jimeno et al. 2008) . To clarify this point, we performed experiments on the depletion of GCN5, which resulted in a general decrease in hsp70 transcription to the level similar to that observed after ENY2 depletion (Fig. 4B) . However, the impairment of THO recruitment in this case was moderate, compared with that after ENY2 knockdown. Moreover, THO recruitment remained almost unchanged in the case of Xmas-2 knockdown, which had a slight effect on hsp70 transcription. In general, the effect of GCN5 and Xmas-2 knockdown on THO recruitment is comparable with the influence on hsp70 transcription. Similar data were obtained for the HPR1 subunit of THO (data not shown). We concluded that the significant drop in THO recruitment after ENY2 knockdown is due mainly to the absence of the latter factor rather than to the decrease in hsp70 activity. The behavior of ENY2 after GCN5 and Xmas-2 knockdown was similar to that of THOC5, further corroborating its association with THO in the transcribed region (Fig. 4A) . Thus, ENY2 as a component of THO is crucial for its recruitment onto the gene.
To estimate the possible role of Pol II in the recruitment of Drosophila ENY2 and THO to the gene, we performed coimmunoprecipitation (co-IP) experiments with S2 cell nuclear extracts and analyzed whether Pol II was associated with the ENY2-THO complex before or after heat shock. The results are partly shown in Figure  4D . No stable interaction of ENY2, THOC5, or HPR1 with Pol II was revealed in experiments with either antitotal Pol II antibody or antibodies specific to C-terminal domain (CTD) Ser2-or Ser5-phosphorylated Pol II forms. Thus, ENY2 and THO recruitment apparently is not linked directly to the elongating Pol II molecule.
ENY2 and THO are cotranscriptionally loaded onto nascent mRNA
We further tested whether the presence of ENY2 and THO in the transcribed region of the gene was due to their interaction with chromatin or with nascent pre-mRNA. To this end, the assay developed by Abruzzi et al. (2004) was used. In ChIP experiments, chromatin was treated with RNase prior to immunoprecipitation. This treatment eliminated RNA-bound proteins but did not affect proteins directly associated with chromatin.
RNase treatment had only a slight effect on Pol II distribution both on the promoter and in the transcribed region, but strongly reduced the level of HPR1 and THOC5 along the whole gene, with only a minor amount of THO remaining in its 39 region. This result indicates that the association of THO with the gene is mainly RNA-dependent.
The level of ENY2 on the transcribed region also decreased significantly. However, the peak of ENY2 on the promoter became even higher, suggesting that ENY2 in the promoter region was chromatin-bound. A slight rise of ENY2 and Pol II peaks after RNase treatment may be explained by an increase in the accessibility of these proteins to antibodies after digestion of nascent RNA and associated factors. A similar effect was observed by Abruzzi et al. (2004) . The results of experiments with RNase treatment indicate that ENY2 is a component of DNA-bound transcription machinery on the promoter of the gene, while the presence of ENY2 and THO on its transcribed region depends mainly on their binding with nascent mRNA.
To verify ENY2 and THO association with mRNA, we tested whether antibodies against ENY2, THOC5, and HPR1 would coimmunoprecipitate the hsp70 mRNA from the lysate of S2 cells exposed to heat shock (Fig.  5B ). These antibodies, as well as those against Xmas-2, specifically coprecipitated the hsp70 mRNA, confirming that ENY2 and Drosophila THO were associated with the hsp70 mRNA particles, as was the case with Xmas-2.
Taken together, our results show that ENY2, THOC5, and HPR1 are associated with nascent mRNA particles.
We also analyzed the distribution of the THO complex within Drosophila S2 cells. Most of ENY2 and Xmas-2 ENY2 and THO components are not associated with Pol II in cell extract. Immunoprecipitation with antibodies against ENY2, THOC5, HPR1, and Pol II, and with preimmune serum was performed with the extract from S2 cells after heat shock. The precipitate was checked for the presence of total Pol II and Pol II carrying phosphorylated Ser5 in CTD.
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ENY2 or THO knockdown impairs the 39 processing of hsp70 mRNA As shown recently, THO2 or HPR1 mutations in yeast impair mRNA 39-end processing (Saguez et al. 2008) . In this context, it was interesting to study the effect of ENY2 or THO knockdown on the relative level of unprocessed hsp70 mRNA in S2 cells after heat shock (Fig.  6A) . The level of unprocessed transcripts was measured by quantitative PCR (qPCR) on a cDNA template synthesized using random primers. For more reliable measurements, we used two different pairs of primers covering the cleavage signal, with the results obtained with either pair being the same (Fig. 6B) .
The knockdown of THOC5 and HPR1 resulted in an approximately twofold increase in the level of the uncleaved hsp70 transcripts; after ENY2 knockdown, this level increased by a factor of ;1.5 relative to that in the control cells. The knockdown of Xmas-2 or GCN5 had no such effect on 39 processing. Thus, it was ENY2 and THO knockdown that proved to affect 39 processing of hsp70 transcripts.
Discussion
Our previous data showed that ENY2 is a chromatinbound protein participating in transcription activation (Georgieva et al. 2001) . We demonstrated that ENY2 is a member of both the novel Drosophila mRNA export complex AMEX and the SAGA/TFTC complex. ENY2 concentrates at the nuclear periphery, is associated with the NPC, and has a role in the anchoring of a subset of transcription sites to the NPCs, which provides for efficient transcription and mRNA export (MM .
The data obtained in this study provide evidence that ENY2 is also associated with the THO complex. The results of several independent experiments confirm the significant role of the ENY2-THO interaction in vivo. Firstly, both of these components are distributed along the whole transcribed hsp70 gene, and cotranscriptional recruitment of THO depends on the presence of ENY2. Secondly, ENY2 and THO colocalize in many chromosomal sites corresponding to actively transcribed regions. Finally, a strong synergistic effect is observed after combining weak mutations that lead to only a slight decrease in the contents of ENY2 and THO components in flies. A combination of mutations, each causing almost no phenotypic change, results in low viability and strong development retardation.
The above experiments suggest that THO is distributed genome-wide in Drosophila. THO is present in actively transcribed chromatin sites, which is in line with data on yeast and humans Zenklusen et al. 2002; Kim et al. 2004; Masuda et al. 2005) . However, THO knockdown affects a limited number of genes in both yeast and Drosophila cell cultures (Rehwinkel et al. 2004; Rougemaille et al. 2008) , which may be explained by the existence of a redundant system masking THO depletion.
In the inactive hsp70 gene, ENY2 is present on the promoter, similarly to other SAGA components (Lebedeva et al. 2005; MM Kurshakova et al. 2007) . Following transcription activation, ENY2 is recruited onto the whole transcribed region, as is the THO complex, with the distribution profiles of THO and ENY2 being almost identical. In line with the result obtained in yeast (Kim et al. 2004 ), we did not detect THO or ENY2 in the region downstream from the poly(A) site. The results of ChIP with RNase treatment and RNA immunoprecipitation experiments show that Drosophila ENY2 and THO bind mainly to nascent mRNA during transcription. An exception is the peak of ENY2 at the hsp70 promoter, where ENY2 is chromatin-bound. The observed association of THO with mRNA rather than with chromatin, as is the case with yeasts (Huertas and Aguilera 2003; Abruzzi et al. 2004) , further confirms this metazoan-specific feature of THO (Masuda et al. 2005) . Our results also confirm that ENY2 is important for proper association of THO with nascent mRNA.
THO components show two peaks in the transcribed region. The peak located immediately downstream from the promoter appears to reflect the interaction of THO with the cap, which was demonstrated for the human TREX complex (Cheng et al. 2006) . The second peak of THO is located within the transcribed region of the gene and may be accounted for by the interaction of THO with other mRNA-associated factors or mRNA itself (Masuda et al. 2005; Katahira et al. 2009 ). Recruitment of yeast THO onto the transcribed region was shown to be Pol IIdependent (Abruzzi et al. 2004) . Moreover, Sus1, the yeast homolog of ENY2, is associated with the elongating form of Pol II (Pascual-Garcia et al. 2008 ). However, we detected no stable association of either ENY2 or THO with Pol II, which indicates that the recruitment of THO to nascent transcripts in Drosophila is not linked directly to elongating Pol II. This is one more specific feature of the metazoan THO complex (Masuda et al. 2005) corroborated in our study.
The depletion of THO subunits or ENY2 leads to an increase in the proportion of transcripts with unprocessed 39 ends. The same phenotype was described for THO mutants in yeast (Rougemaille et al. 2008; Saguez et al. 2008) . It was suggested that the lack of functional THO leads to improper mRNP packaging, with consequent partial destruction of the 39-end processing machinery (Saguez et al. 2008) . Our data indicate that this phenotype of THO knockdown may be common to yeasts and metazoans.
We also compared the involvement of the Xmas-2 subunit of AMEX and THO in mRNP formation. In our previous study (MM ), Xmas-2 was found to be recruited to the loci of active transcription. Here, we showed that Xmas-2 is associated with mRNA. However, conventional ChIP fails to reveal Xmas-2 association with chromatin of an active gene, in contrast to the situation with THO. Therefore, it appears that Xmas-2 is loaded onto mRNA regions located fairly distantly from the chromatin template. In contrast, the ENY2-THO complex appears to operate in close proximity to chromatin, which may account for its important role in preventing RNA-DNA hybrid formation in yeast (Huertas and Aguilera 2003) . We also revealed no influence of Xmas-2 knockdown on 39-end processing. Functions of Xmas-2 apparently pertain to later stages of formation and export of mRNPs (MM Kurshakova et al. 2007) . Studies on yeasts also suggest a role for the Xmas-2 homolog Sac3 in the post-transcriptional maturation of nuclear mRNA, in addition to its role in mRNA export (Chekanova et al. 2008; Gonzalez-Aguilera et al. 2008) .
We obtained several lines of evidence that the ENY2-THO complex exists and functions, mainly independently, on other ENY2-containing complexes; namely, SAGA and AMEX. The THO complex is not associated with SAGA or AMEX subunits in the nuclear extract. Genetically, SAGA and THO mutations have different effects on phenotypic manifestations of the ENY2 mutation, suggesting that the spectra of genes under the control of ENY2-THO and ENY2-SAGA do not completely coincide. At the molecular level, we detected no direct association of THO with elongating Pol II. This fact is in favor of the model that ENY2-THO recruitment to the transcribed region is not connected with the promoter and promoter-associated SAGA, but rather occurs directly on nascent mRNA.
The functioning of ENY2, as well as of THO and Xmas-2, is apparently not confined to the nucleus, since we also detected a significant amount of these factors in the cytoplasm of S2 cells. THO shuttling between the nucleus and cytoplasm was shown for humans (Katahira et al. 2009 ). The Thp1-Sac3 complex was found at the cytoplasmic face of the NPC (Fischer et al. 2002) . These observations indicate that ENY2 and other factors studied may also be of significance for the fate of mRNPs and their functioning in the cytoplasm.
The data available today confirm that ENY2, being a component of different protein complexes, is involved in several sequential steps of the gene expression process in the nucleus (Fig. 7) . We suggest that the role of ENY2 may be related to proper spatial coordination of the recruitment of these complexes onto DNA or RNA, as well as to gene positioning in the nucleus. A similar function was proposed for the Yra1 protein, which has a number of protein partners (Bruhn et al. 1997; Iglesias and Stutz 2008) . Thus, there may well be a class of factors that serve to integrate the complex process of gene expression.
In summary, our findings further clarify the complicated picture of mRNP formation and export in metazoans. We analyzed specific features of the metazoan THO complex in more detail and showed that the ENY2 transcription factor orchestrates consecutive steps of gene expression in the nucleus.
Materials and methods

Antibodies
We used antibodies against ENY2 (Georgieva et al. 2001) , Xmas-2 (MM ), Pol II (Georgieva et al. 2000) , Pol II-S5P and Pol II-S2P (Abcam), GCN5 (Lebedeva et al. 2005) , and TBP (Vorobyeva et al. 2009 ). Antibodies against HPR1 (fragment, 60-223 amino acids) and THOC5 (fragment, 1-219 amino acids) were raised in our laboratory by immunizing rabbits with the corresponding His 6 -tagged protein fragments. All rabbit antibodies were affinity-purified. An antibody against b-tubulin, obtained by M. Klymkowsky, was from the Developmental Studies Hybridoma Bank, developed under the auspices of the NICHD, and maintained at the Department of Biological Sciences, University of Iowa.
Drosophila genetic crosses
Tho2 (11106) and Thoc6 (17839) mutant fly strains were obtained from the Bloomington Stock Center. The GCN5 C137T (hypomorphic) and GCN5 E333st (null) GCN5 mutations (Carre et al. 2005) and the e(y)2 u1 mutation (Georgieva et al. 2001 ) were described previously. e(y)2 u1 /FM4 females were crossed with males carrying autosomal mutations Tho2 or Thoc6, or with GCN5 C137T /TM or GCN5 E333st /TM3 3 males. In the F1 progeny, males hemizygous for e(y)2 u1 were examined for morphological defects. The survival rate was calculated as the percent ratio of males with a given genotype to males carrying the corresponding balancer chromosome. All genetic crosses were performed at 25°C in at least three replications. No fewer than 40 flies of each viable genotype were screened.
Purification of ENY2-containing complexes and immunoprecipitation
ENY2-containing complexes were purified from nuclear extracts of 0-to 12-h Drosophila embryos. Details of the purification procedure are shown in Figure 1B . The columns were equilibrated with the HEMG buffer (25 mM HEPES-KOH at pH 7.6, 12.5 mM MgCl 2 , 0.1 mM EDTA, 10% glycerol, 1 mM DTT) containing 150 mM NaCl (HEMG-150). Immunoaffinity purification was performed on a column with immobilized anti-ENY2 antibodies, with unbound protein being washed out with HEMG-1000 buffer containing 0.1% NP-40. For other details of the purification procedure and MALDI-TOF MS experiments, see Vorobyeva et al. (2009) . The Superose 6 column was calibrated with an HMW Calibration Kit (GE Healthcare). The void volume of the column was 7.0 mL, and the volume of each fraction was 0.5 mL. Preparation of embryonic nuclear extracts and immunoprecipitation were performed as described (Georgieva et al. 2000) . Proteins from S2 cells were extracted in a lysis buffer (10 mM HEPES at pH 7.9, 5 mM MgCl 2 , 0.5% NP-40, 0.45 M NaCl, 1 mM DTT) containing the complete protease inhibitor cocktail (Roche) and phosphatase inhibitors cocktails 1 and 2 (Sigma). Prior to immunoprecipitation, the extract was treated with DNase I (USB, 0.6 U/mL) and RNase (Stratagene, 10 U/mL).
Drosophila cell culture and RNAi knockdown experiments Drosophila S2 cells were cultured at 25°C in Schneider's insect medium (Sigma) containing 10% fetal bovine serum (HyClone).
RNAi experiments followed the published protocol (Clemens et al. 2000) . We used 15-20 mg of dsRNA per 1 3 10 6 cells; dsRNA was synthesized with an Ambion MEGA Script T7 kit. The expression of the target genes was measured by qPCR and Western blot analysis. dsRNA corresponding to a fragment of pBluescript II (pSK) vector was used as a negative control. The following primers were used for the synthesis: THOC5, 59-CGA CTCACTATAGGGAGACGCCAACCGCGAGGTGAAGC-39 and 59-CGACTCACTATAGGGAGAGGAGCGAGTGAGTCG TCCAAGTTG-39; HPR1, 59-CGACTCACTATAGGGAGAGA CGGCAAAGTGGAGCTGTT-39 and 59-CGACTCACTATAGG GAGATCCACTGCGGCTTATTGTAACA-39. Primers for RNAi of ENY2 and Xmas-2 were as described (MM ).
ChIP and qPCR analysis
ChIP was performed according to the published procedure (Boehm et al. 2003) . DNA was cross-linked (1% FA, 15 min) and sheared to a size of ;300 base pairs (bp). Approximately 3 3 10 6 cells and 10 mg of an antibody were taken for one experiment. After ChIP, the recovered DNA was analyzed by qPCR with MiniOpticon (Bio-Rad). Measurements were made at 13 points within the hsp70 gene; namely, at positions À422, À168, À43, 79, 188, 329, 648, 974, 1395, 1698, 1940, 2434 , and 2664 bp (+1 is the transcription start point). Sequences of the primers used are available on request. Each point was measured in at least five experiments, and the mean value was calculated. For baseline (control) measurements, ChIP with preimmune IgG was used. In experiments with RNase treatment, RNase A (Fermentas, 30 mg Figure 7 . ENY2 participates in consecutive steps of gene expression in the nucleus. ENY2 as a component of SAGA is localized on the promoter of the gene, also participating in proper gene positioning in the nucleus. During transcription, ENY2 in a complex with THO is loaded onto the growing transcript in proximity to chromatin, with this process apparently occurring without direct participation of Pol II. THO and ENY2 are distributed along the whole transcript, starting from its 59 end. The Xmas-2 factor is also loaded onto mRNA at a later stage, distantly form chromatin. The presence of ENY2 and THO is necessary for proper 39-end processing and export of mRNA. ENY2 and Xmas-2 are also components of the AMEX mRNA export complex, which is associated with the NPC.
per experiment) was added 30 min prior to incubation with antibodies.
RNA immunoprecipitation
Co-IP of hsp70 mRNA with antibodies was performed as described (Tenenbaum et al. 2000; Baroni et al. 2008 ) from the lysate of S2 cells exposed to heat shock for 20 min at 37°C. No cross-linking reagent was used. For immunoprecipitation, the antibody-protein A Sepharose beads were incubated with the lysate for 1 h at 4°C in NT2 buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 0.05% NP-40) containing 4 U/mL RiboLock (Fermentas), 1% BSA, and 1 mg/mL ssDNA. After washing, the TRI Reagent (Ambion) was added to extract RNA. For reverse transcription, oligo-dT primer was used. The level of hsp70 mRNA was measured by qPCR using primers 59-TTGG GCGGCGAGGACTTTG-39 and 59-GCTGTTCTGAGGCGTC GTAGG-39. Each experiment was performed in at least three replications, calculating the mean value.
Measuring the level of hsp70 transcript with unprocessed 39 ends
After heat shock (20 min, 37°C), S2 cell nuclei were isolated using LB buffer (10 mM Tris-HCl at pH 7.8, 10 mM NaCl, 1.5 mM MgCl 2 , 1 mM DTT). RNA from the nuclei was extracted with an RNeasy Mini Plus Kit (Qiagen). To avoid contamination with genomic DNA, the preparation was treated with DNase I. The amount of RNA was measured with a Qubit fluorometer (Invitrogen). Equal amounts of RNA and random primers were used to produce cDNA probes, with their contents being measured by qPCR. Two pairs of primers to the nonprocessed transcript of the hsp70 gene were used: 59-GTTGGCATCCCT ATTAAACAGC-39 and 59-CAGGACTCACTTAGCGGGG-39; 59-ATTACGGATTACAAAATGGAACC-39 and 59-AATTGGG ATGACGGATCTC-39. The total hsp70 transcript level was measured with primers indicated in the ''RNA Immunoprecipitation'' section above. The ratio of unprocessed-to-total transcript level was calculated.
Immunostaining
Immunostaining of S2 cells and polytene chromosomes was performed as described (Soldatov et al. 1999 ) using mouse anti-ENY2, rabbit anti-THOC5, and corresponding secondary antibodies (Molecular Probes).
